Germanium, element #32, was discovered in 1886 by Clemens Winkler. Its first broad application was in the form of point contact Schottky diodes for radar reception during WWII. The addition of a closely spaced second contact led to the first all-solid-state electronic amplifier device, the transistor. The relatively low bandgap, the lack of a stable oxide and large surface state densities relegated germanium to the number 2 position behind silicon. The discovery of the lithium drift process, which made possible the formation of p-i-n diodes with fully depletable i-regions several centimeters thick, led germanium to new prominence as the premier gamma-ray detector. The development of ultra-pure germanium yielded highly stable detectors which have remained unsurpassed in their performance. New acceptors and donors were discovered and the electrically active role of hydrogen was clearly established several years before similar findings in silicon. Lightly doped germanium has found applications as far infrared detectors and heavily Neutron Transmutation Doped (NTD) germanium is used in thermistor devices operating at a few milliKelvin. Recently germanium has been rediscovered by the silicon device community because of its superior electron and hole mobility and its ability to 2 induce strains when alloyed with silicon. Germanium is again a mainstream electronic material.
induce strains when alloyed with silicon. Germanium is again a mainstream electronic material.
Introduction
The history of the science and technology of the chemical element germanium is at the same time the story of the transition from the "Physics of Dirt" to the birth of modern semiconductor physics and the story of the beginning of solid state electronics. The demonstration of the germanium point contact transistor on Christmas Eve 1947 by J.
Bardeen and W. Brattain followed shortly by the invention of the germanium junction transistor by W. Shockley represents the beginning of the "Semiconductor Age," the successor to the Stone-, Bronze-and Iron Ages. In this brief review the major stages of the evolution of germanium from an element predicted by D.I. Mendeleev and named ekasilicium to today's use in high speed silicon devices will be visited. Limited space here does not allow for a detailed account of all the fascinating developments associated with this unusual element but key references will be used to guide the reader to major sources of information. This review is by no means comprehensive but it is an account based on personal choices and on numerous discussions with senior colleagues who played a role in some of these developments. It is with great pleasure that I recount the past 120 years of germanium history.
Discovery of Germanium and Early History
In 1871 D.I. Mendeleev predicted the existence of an element in the IVa column of his table of elements between the known elements silicon and tin. He called the unknown element eka-silicon. Fifteen years later, in 1886, Clemens Alexander Winkler found the missing element in the silver-rich mineral argyrodite and called it germanium (Fig. 1 ).
Winkler was a renowned inorganic chemist at the Bergakademie (School of Mines) in Freiberg, Germany [1] . It took him only a few months to determine the major physical and chemical properties of the new element and he published his findings in a detailed 52-page article on August 14, 1886 [2] . Mendeleev had predicted different properties for his eka-silicon and tried to convince Winkler that he may have found something new but definitely not his eka-silicon. Winkler prevailed!
The year 1886 was rich in discoveries and novelties. In addition to the discovery of germanium, the first four-wheel motor car was built by Daimler-Benz, Coca Cola was formulated in Atlanta, Walter Schottky who developed the theory of the metalsemiconductor junction was born and patents for the mass production of aluminum were filed in the USA and Great Britain.
The years following the discovery of germanium did not lead to any major scientific findings or technological applications for this rare, expensive, brittle and metal-like element. In 1923 F.W. Aston found the three most abundant of the five stable isotopes, namely 70 Ge, 72 Ge and 74 Ge [3] . Up to the late 1930s germanium was believed to be a poorly conducting metal. This misunderstanding has persisted in some quarters to the present day: the boxes in which polycrystalline bars of germanium are shipped from the factory are still labeled in large bold letters, "Germanium Metal."
Reproducible Results in the 1940s
The study and understanding of the physics of semiconductors progressed slowly in the 19 th and early 20 th centuries. Karl Lark-Horovitz wrote a condensed account of early experiments with semiconductors in his article, "The New Electronics" [4] . Impurities and defects simply could not be controlled to the degree necessary to obtain reproducible results. This led influential physicists, including W. Pauli and I. Rabi, to comment derogatorily on the "Physics of Dirt" [5, 6] . The interest in semiconductors was kept alive, however, by the widespread use of crystal radios which used a fine metal point contact to a galena crystal (PbS) acting as the radiofrequency rectifier. Ferdinand Braun had discovered rectification in 1874 [7] .
World War II turned semiconductor physics into a respectable science. The beginning of this change can be dated back to 1942 when Karl Lark-Horovitz, Chair of the Physics Department at Purdue University, decided to work on germanium instead of galena or silicon. The driving force for semiconductor research was the need for a very high frequency rectifier and mixer to be used in radar receivers. Point contact rectifiers had a very low capacitance and could, in principle, function up to several GHz [8] (Fig.   2 ).
Lark-Horovitz's choice of germanium as the rectifier crystal shows exceptional intuition and judgment. He reasoned that germanium with a melting point ~ 500˚C lower than that of silicon would have a better chance of being purified to sufficiently low levels.
Furthermore, germanium is chemically less reactive than silicon. It also would be more stable than compounds with volatile components and would not contain stoichiometryrelated defects. In a short three years the Purdue University group transformed the "Physics of Dirt" into a quantitative science [9] . Lark-Horovitz summarized the Purdue results in a report with a ten-point summary [10] . A few of the findings were:
1. Germanium of high purity has been prepared by reduction from pure oxide. …B, Al, Ga, In all produce P-type germanium semiconductors. N, P, As, Sb and Sn and other elements produce N-type germanium semiconductors.
2. Hall effect and thermoelectric power measurements and sign of rectification determine the sign of the carrier. Both Hall effect and thermoelectric power become negative at high temperature for all samples, indicating….
* * * 7. Germanium semi-conductors containing P or Sb can be used in microwave mixer crystals, comparing well in performance to silicon crystals. * * * 9. Various types of photo effects have been observed….
* * *
The Purdue group also showed that ionized impurity scattering dominated carrier mobility at low temperatures. What they missed was the phenomenon of minority carrier injection, a key ingredient to the discovery of transistor action. A further point worth mentioning is the fact that all semiconductor studies were performed with polycrystalline samples! Purdue has remained at the forefront of semiconductor research, a legacy of the great pioneer Karl Lark-Horovitz.
Point Contact Diodes and Transistors
The histories of point contact diode mixers for radar reception [8, 9] and of the point contact transistor [11, 12, 13 ] cannot be covered here in detail. For this brief review it is important to realize that germanium was in many respects the ideal semiconductor for the job. True, the bandgap of 0.7 eV was on the low side, leading to intrinsic conduction at slightly elevated temperatures. Also, the oxide of germanium was not as stable as that of silicon and worse, the surface state density of oxidized germanium was far higher than the one for silicon. Based on the research at Purdue University and several other academic and industrial laboratories, germanium had become a well-controlled and wellunderstood semiconductor. Indeed, the first point contact transistor, invented by J.
Bardeen and W.H. Brattain and officially introduced in December 23, 1947 , was built with a slab of polycrystalline germanium from Purdue ( Fig. 3) ! Unfortunately, the two very fine point contacts pressed onto a germanium surface did not form a mechanically stable configuration nor was it able to carry large currents. W. Shockley's invention of the junction transistor, both p-n-p and n-p-n, remedied both shortcomings of the point contact transistor. The invention of the germanium transistor has been one of the most important events in shaping modern day life. There is the time before and the time after this invention. It is hard to come up with any modern day activity which is not influenced by the device called the transistor. Teal and Little reported on their crystal growth method [14] . They had designed and built a melt growth apparatus along the lines of Jan Czochralski's original idea [15, 16] ( Instruments invented his germanium integrated circuit (IC) on September 12, 1958 [18] ( Fig. 5 ). R. Noyce at Fairchild Semiconductors also had the idea of integrating a number of components onto one silicon chip using the silicon dioxide as a mask on a silicon wafer. J. Hoerni, Noyce's colleague had shown that openings in SiO 2 masks were convenient for defining areas for adding donors or acceptors to build diodes and transistors in a planar fashion. Today's ICs are built using Noyce and Hoerni's ideas (Fig. 6 ).
Applications of Germanium in Nuclear Physics: GeLi and hpGe Detectors
As the germanium transistor age came to an end, a new application outside electronics and solid state physics arose. Nuclear physics was booming in the late 1950s
and early 1960s. There was an urgent need to develop nuclear radiation spectrometers with good energy resolution. Scintillation detectors such as NaI had good sensitivity but very poor energy resolution. Freck and Wakefield demonstrated the first lithium-drifted germanium p-i-n detector [19] . It had an energy resolution of 3.2% for 663 keV gamma rays of 137 Cs. A year later Tavendale and Ewan published a paper with a resolution of 0.45% for 1.333 MeV gamma rays from 60 Co [20] .
The Tavendale , a world record at the time (Fig. 7) . Radiation detector fabrication involved the formation of a n-type contact by lithium diffusion. The p-type contact was substituted by a metal Schottky barrier (gold, palladium or chromium) (Fig. 8) . The ultra-pure germanium crystal growth and detector research and development effort was augmented by highly specialized low noise, high speed electronics resulting in sophisticated radiation detector systems. Over the years a large number of such systems were custom made for many experiments conducted all over the world [22] .
Having purification, crystal growth and a broad array of characterization tools all under the same roof allowed us to explore a wide range of parameters and led to important discoveries. The following section contains information on some of these fascinating developments.
Physics with Ultra-Pure Germanium
This section bears the title of an article I wrote 25 years ago for Advances in Physics [23] . A follow-up article, now 20 years old, was published in Advances in Solid State
Physics [24] . In the following section, the major findings will be summarized with the inclusion of important collaborations based on our high-purity material.
Electron-Hole Drops in Germanium
Shining an intensive laser onto a cold piece of germanium with the laser photon energy exceeding the bandgap leads to the formation of excitons which, at sufficiently high concentrations, condenses into an electron-hole plasma which can be described as a liquid. Introducing inhomogeneous strain split the germanium energy bands and led to millimeter-size electron-hole drops. The continuous decay of excitons made this new state of matter visible in the infrared. Figure 9 shows one of the earliest video images of an electron-hole drop in germanium [25] . It took less than a month to get this result 
Hydrogen and Impurity Complexes
Hydrogen plays a crucial role in all semiconductor processing. Soaking of devices at moderate temperatures in forming gas, a mixture of nitrogen and hydrogen, was known to improve device characteristics. Frank and Thomas determined the diffusivity, solubility and permeability of hydrogen in germanium [27] . They found near the melting point and with an ambient pressure of 1 atm H 2 a solubility near 10 14 cm -3 . Hydrogen can be purified exquisitely with a palladium diffusion cell and it reduces oxides. Importantly, no electrically active dopant species involving hydrogen had been found by that time.
Experience with p-i-n detectors quickly showed that only H 2 -atmosphere-grown crystals yielded high resolution detectors. Hydrogen played a mysterious role. The first proof of hydrogen involvement in the formation of a new shallow acceptor and a new shallow donor came when we grew a crystal in a D 2 atmosphere and found small but measurable isotope-related shifts in the ground states [28] . We found that hydrogen "activated" silicon impurities forming shallow acceptors (A(H,Si)) and oxygen impurities forming shallow donors (D(H,O)).
Hall had discovered these acceptors and donors when rapidly quenching ultra-pure germanium samples from 450 ˚C down to room temperature [29] . In short succession other hydrogen-related centers were discovered. Double (Zn,Be) and triple acceptors (Cu) could be partially passivated with one or two hydrogen atoms, respectively [30] or fully passivated with two or three hydrogen atoms, respectively [31] .
L.M. Falicov assisted us with sophisticated models and theoretical calculations [32] and J.M. Kahn eventually sorted out all the geometry-related electronic state questions of these hydrogen-related impurity complexes. Frequent discussions with A.K. Ramdas at
Purdue [33] helped us enormously in understanding far IR spectroscopy of shallow levels in germanium [34] . There is now general agreement that the passivation of deep level centers by hydrogen leads to the exceptionally good charge collection properties of ultrapure germanium.
A very interesting puzzle was the acceptor center showing up in all dislocation-free, H 2 -grown crystals. This acceptor formed a very effective hole trap at E V + 80 meV (Fig.   11 ). Its concentration could be changed reversibly by thermal annealing over a wide range. With expert guidance from A. Seeger, we concluded that the center must be a divacancy-hydrogen complex (V 2 H), which when binding a second hydrogen atom, became neutral [35] . The existence of V 2 H is the reason why high-purity germanium crystals for radiation detector applications have to have a small number of dislocations (10 2 -10 3 cm -2 ) which absorb the vacancies created at high temperatures.
It is quite obvious that dopant and impurity activation and passivation was firmly established in germanium several years before the hydrogen-passivation of boron in silicon was discovered, a fact which is either forgotten or ignored! Several non-hydrogen-related phenomena were discovered and studied in high-purity germanium. For example, in nitrogen atmosphere-carbon crucible growth crystals, we discovered the acceptor A(N,C) in a substitutional and an interstitial form. The two configurations can be exchanged reversibly, however, with very different time constants [36] . Overcharged double acceptors Be and triple acceptors Cu were created and studied through optical pumping [37, 38] . The concentrations of carbon and of hydrogen in ultrapure crystals were determined by using radioactive 14 C or tritium during crystal growth, respectively, and making self-counting detectors [39, 40] . All these discoveries and studies were made possible through the co-location of crystal growth and characterization and through collaborations with many outstanding colleagues.
Ultra-pure germanium was the far IR spectroscopist's dream material. Using PTIS we resolved ten additional high-lying bound excited states of shallow acceptors. Line widths of less than 10 eV could be achieved (Fig. 12 ).
Far-Infrared Detectors and Bolometers
On a Friday afternoon in the early 1980s, several men wearing dark suits visited our single crystal had a 3 times higher peak thermal conductivity than a natural germanium crystal [48] . This experiment verified the prediction by Pomeranchuk made in 1942 [49] .
The exorbitant costs of enriched isotopes kept experimentation with enriched isotopes at a minimum. This changed around the end of the Cold War when collaborations between
Russian laboratories engaged in isotope separation, and labs in the West became possible.
I remember the day we grew the first 600 gram 95% enriched, ultra-pure 70 Ge crystal, perhaps the only such crystal in the universe.
Using layered isotope structures and Secondary Ion Mass Spectrometry (SIMS), we conducted self-diffusion experiments. The 70 Ge isotope concentration profile in Fig. 13 (b) follows a complementary error function for 4.5 orders of magnitude [50] ! Phonons were studied with Raman spectroscopy in isotope bulk and superlattices [51, 52] . By incorporating 16 O in enriched single crystals of 70 Ge, 73 Ge, 74 Ge and 76 Ge the local vibrational mode spectra were selectively simplified. This led to the first determination of the energies of the 2 levels [53] . The dependences of the direct and indirect bandgaps on the germanium isotope mass were measured [54] . The metal-insulator transition (MIT) was determined with high precision with a highly enriched 70 Ge crystal doped over a wide concentration range across the MIT with NTD [55] . Many other experiments followed with different semiconductors [56, 57] . Because of the rapidly rising interest in SiGe alloys, we are just starting a program on diffusion in isotopically controlled, strained and unstrained SiGe multilayer structures [58] .
Germanium Speeds Up Transistors
Three unique properties led silicon to its supreme position in the world of electronic circuits and devices: 1.) A bandgap of 1.1 eV allows operation to temperatures several hundred degrees higher than for germanium; 2.) a stable oxide, SiO 2 , which protects device surfaces and acts as an effective mask in device manufacturing; and 3.) an extremely low surface state density at the SiO 2 -Si interface. It is the third property which allows millions of metal-oxide-semiconductor field effect transistors (MOSFET) to be built simultaneously on a silicon wafer. The oxide of germanium is not stable and the interface density of states is too high for MOSFETs.
The rapid improvements in silicon technology, i.e., doubling the number of devices per chip and doubling the speed every 18 months, also known as Moore's Law, have continued for the past 40 years. But dimensions have become so small that improvements are much harder to achieve at the rate we have become accustomed. in the 1980s [59] and has led to commercial devices [60] .
Bandstructure engineering for increased mobility of electrons and holes through strain, caused by the addition of germanium, has brought this element back full circle into mainstream electronic device technology. But the outlook for germanium may be even brighter. Comparing mobilities of bulk silicon and germanium, one sees that the electron mobility is higher by a factor of ~ 2 and the hole mobility by a factor of 4 (see Table I ).
Why not build a germanium MOSFET?
This is precisely what many groups are attempting [61] . Instead of a SiO 2 gate dielectric, GeON is used and the device characteristics look promising. Just as for silicon MOSFETs, bandstructure engineering through strain can be applied to germanium
MOSFETs. This in turn should lead to the ultimate mobility enhancements.
There are more details which have to be taken in account when discussing strained Si, SiGe and Ge channel MOSFETs. The reader with an interest in this topic is referred to an excellent recent review [62] .
Conclusions
An attempt has been made to review some of the highlights of the 120-year history of the element germanium. The full history would fill several books and choices had to be made. There can be no doubt that the invention of the point contact and the junction transistor is the most important milestone in this history. There are a number of important niche applications for germanium such as high resolution gamma-ray detectors, far IR detectors and low temperature thermistors. The return of germanium to mainstream electronic device design based on bandstructure engineering through strain is an interesting development. Much of our detailed understanding of semiconductors was created through studies with germanium. Ultra-pure germanium led among other things to the discovery of a number of electrically active, hydrogen-related centers. Most recently isotopically controlled structures led to new approaches to studying self-and dopant diffusion and new phonon physics could be studied with isotope superlattices. If history can be used as an indicator for future developments, there can be little doubt that germanium will continue to make important contributions to science and technology.
The study of germanium nanocrystals may be the next chapter in this history [63] . 
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